INTRODUCTION
Ovarian follicular fate (i.e. development/ovulation versus atresia) in the mammals is determined by the fate of the cells within the follicles and is regulated by complex interactions of endocrine (gonadotropin and steroid hormones) and locally produced (growth factors and cytokines) factors (Hirshfield, 1991) . Although follicular atresia can occur at all the stages of follicular development, a high incidence of granulosa cell apoptosis, a well recognized cellular basis for this degenerative process, is predominantly observed at the early antral stage of follicular development during the ovarian cycle .
Fas antigen (Fas), a member of the TNF receptor family, and its ligand Fas ligand (FasL), have been identified as cell death mediator and factor, respectively in a variety of cell types (Watanabe-Fukunaga et al., 1992; Suda et al., 1993) . Their involvement in the induction of granulosa and luteal cell apoptosis has been demonstrated in several mammalian species (Quirk et al., 1995; Hakuno et al., 1996; Kondo et al., 1996; Kim et al., 1998) . Fas and FasL expression is up-regulated in granulosa cells undergoing apoptosis during early stage of follicular development ) and p53-mediated granulosa cell apoptosis is associated with the activation of Fas/FasL system during follicular atresia (Kim et al., 1999) . In addition, follicle stimulating hormone (FSH) is an important negative regulator of the Fas/FasL system and a key cell survival factor during the follicular development and the role of the Fas/FasL system in granulosa cell apoptosis appears more prominent at early than at late stages of follicular maturation.
Interferon gamma (IFN-g) is a member of a family of heterogeneous regulatory proteins having antiviral, immunomodulatory, antiproliferative, and cytodifferentiation regulatory activities (Pestka et al., 1987) . It increases adrenal steroidogenesis (Blalock and Harp, 1981) , increases iodide uptake by thyroid cells (Friedman et al., 1982) , and suppresses hCG-induced testosterone production by Leydig cells (Orava et al., 1989) . At physiological concentrations, IFN-g inhibits granulosa cell differentiation and steroidogenesis (Gorospe et al., 1988; Xiao and Findlay, 1992) .
In addition, IFN-g increases Fas mRNA expression in mouse lymphoma cells and BAM3 cells (Watanabe-Fukunaga et al., 1992) and Fas content in human granulosa / luteal cells (Quirk et al., 1995) . Apoptosis in ovarian surface epithelial cells is mediated by increased Fas expression induced by IFN-g (Quirk et al., 1997) . Moreover, IFN-g induces Fas-mediated apoptosis in differrentiated mouse granulosa cells which could be potentiated by the presence of TNFα (Quirk et al., 1998) Following removal of connective tissues, the ovaries were washed in PBS (pH 7.4) to remove excess blood and were either immediately fixed in 10% neutral buffered formalin (pH 7.4) for histological processing or used for granulosa cell isolation by follicle puncture (Rao et al., 1991) .
MATERIALS AND METHODS

Granulosa cell culture
Granulosa cells (2.5×10 6 ) from ovaries of DES-and eCG-primed rats were plated for 6 hr (5% CO 2 , 37℃) in The TUNEL method of Gavrieli et al. (1992) Southern hybridization (Sambrook et al., 1989) , using the rat Fas cDNA probe. The intensities of the bands were densitometrically scanned and each Fas amplified product was normalized by b-actin.
Flow cytometric analysis of Fas proteins in granulosa cells
Harvested Statistical analyses were performed by one-way ANOVA.
Signicant differences between treatment groups were determined by the Tukey test. Statistical significance was inferred at p<0.05.
RESULTS
Localization of IFN-g in different stages of follicular development
The presence and relative abundance of IFN-g protein in the follicles during development were screened by immunohistochemistry, using a rat specific IFN-g antibody (Fig. 1) . Most of follicular cells from preantral follicles (Fig. 1a) exhibit immunoreactivity for IFN-g, however, the intense and aggregated signals were detected in granulosa cells (arrows) as well as oocyte (including its nucleus). In contrast to its intense immunoreactivity in the cytoplasm, the nuclei of oocytes of secondary and tertiary preantral follicles showed considerably lower immunostaining. This pattern, however, was reversed with follicular maturation. In non-treated or DES-treated immature rats (Fig. 1b) , (Fig. 1c) and large (Fig. 1d) antral follicles was much less than that seen in the preantral follicles. Generally, the immunereactivity in theca cells was minimal in the antral follicles. lopment in vivo (Fig. 1) , the potential role of IFN-g in the regulation of Fas mRNA and protein in relatively undifferentiated (DES-primed) and differentiated (eCG-primed) granulosa cells was investigated in vitro, using RT-PCR (Fig. 2) , immunocytochemistry and flowcytometry (Fig. 3) . In cultured DES-primed granulosa cells, IFN-g up-regulated Fas mRNA in a concentration-dependent manner (Fig. 2) . High concentration (>100 U/mL) of IFNg (1,000 U/mL) resulted in the loss of effectiveness of the cytokine in inducing Fas mRNA and protein expression (Fig. 2) . Although cultured eCG-primed granulosa cells also expressed Fas mRNA, its abundance was considerably lower than that in DES-primed cells. In addition, while Fas mRNA also increased in a concentration-dependent manner in the presence of IFN-g, significantly higher concentrations of the cytokine (100-1,000 U/mL, p<0.01)
were required to elicit a significant increase in Fas expression than those in DES-primed cells (Fig. 2) . The Fas protein was localized in the DES-and eCG-primed granulosa cells after IFN-g treatment and the expression levels were subjected to Fas antibody-conjugated immunoflowcytometric analysis (Fig. 3) . As shown in the inserts within each representative flowcytogram (Fig. 3) , Fas protein was localized in both the cellular membrane (arrow head) and the cytoplasm [peri-nuclear region (arrow)]. In addition, intense and aggregated immuno-fluorescence was observed in both DES-( Fig. 3b and 3c ) and eCG-primed Fig. 3b) , as also confirmed by immunocytochemistry (Fig.   3b, inert) . However, treatment with high concentration of IFN-g (1,000 U/mL) resulted in a lower number of cells ex- hibiting immunofluorescence positivity for Fas in high intensity (25±2.3%) portion than those with 100 U/mL but higher than that of the control group. In eCG-primed cells, however, only small increases in immunofluorescence were detected with IFN-g at concentrations of 100 and 1,000 U/mL when compared to controls ( Fig. 3e and 3f ). Table 1 .
Effect of
In DES-primed (undifferentiated) granulosa cells, IFN-g had minimal effects on cellular morphology (Fig. 4b ) and apoptotic characteristics (Fig. 4f ) compared to control (IgG treatment; Fig. 4a & 4e) . However, addition of Fas mAb to the cell cultures resulted in the appearance of apoptotic cellular morphology and characteristics ( Fig. 4c & 4g ), which could be enhanced with pretreatment with IFN-g ( Fig. 4d & 4h) . In eCG-primed (differentiated) granulosa cells, however, IFN-g pretreatment failed to potentiate the pro-apoptotic effects of agonistic Fas mAb, which were observed prominently in DES-primed cells (Table 1) . (Fig. 5) . Immunoreactivity for IFN-g was distributed in the granulosa but not the thecal layers (Fig. 5a) .
Likewise, the most intense and aggregated form of Fas immuno-positive signals were detected in the loosely attached granulosa cells (Fig. 5b) . Although FasL immunoreactivity could be colocalized in Fas-positive cells, the most aggregated and intense (arrows) immunoreactivity was present in granulosa cells mainly lining the antrum (Fig. 5c) . Similarly, apoptotic (TUNEL-positive) granulosa cells were also detected in antral granulosa cells ( Fig. 5d; arrows) which also exhibited most intense immunoreactivity for FasL.
DISCUSSION
In the present study, we have localized rat IFN-g in the rat ovary during the follicular development and tested its The importance of intraovarian interaction between immune cells (lymphocytes and macrophages) and granulosa cells in ovarian physiology via the synthesis and actions of cytokines (e.g.TNFa and IL) has been studied extensively (Adashi, 1992; Terranova et al., 1993) . Although the modulatory roles of IFN-g in granulosa cell differentiation and steroidogenesis have been demonstrated in vitro (Gorospe et al., 1998; Xiao and Findlay, 1992) , the cellular source of IFN-g in the ovary is still unclear. IFN-g is detectable in the follicular fluids (Grasso et al., 1988) and lymphocytes present in the ovary have been suggested to be an important contributor to the follicular IFN-g (Adashi, 1992) . Immune cells (lymphocytes / macrophages) are believed to be mainly present in atretic antral follicles (Best et al., 1996) , inflammated post-ovulatory follicles and corpus luteum (Brannstrom et al., 1994a; Brannstrom et al., 1994b) (Gorospe et al., 1988; Xiao and Findlay, 1992 (Cataldo et al., 1998) .
However, the concentrations of IFN-γ used in above Interferon-g, in Granulosa Cell Apoptosis and Differentiation Dev. Reprod. Vol. 20, No. 4 December, 2016 325 studies could have been pharmacological and cytotoxic to the cells. Quirk et al (1995) The possible mediatory role of the Fas/FasL system in granulosa and luteal cell apoptosis during follicular atresia and luteal regression, respectively have been investigated in several mammalian species (Quirk et al., 1995; Hakuno et al., 1996; Kondo et al., 1996; Kim et al., 1998; Roughton et al., 1999) . Previous reports have demonstrated that increased granulosa cell Fas and FasL protein content is associated with apoptosis at the penultimate (early) stage of follicular development in vivo , and that p53-mediated granulosa cell apoptosis involves the activation of the Fas/FasL system (Kim et al., 1999) . These studies also suggested that FSH is a key inhibitory factor on granulosa cell death as well as the involvement of the It is well established that FSH is an important cell survival factor in the mammalian ovarian follicle (Chun et al., 1996; Boone et al., 1997) . Whereas stimulation of immature rats with eCG resulted in suppressed basal granulosa cell Fas/FasL levels and apoptosis, decreased atresia and enhanced follicular growth, withdrawal of gonadotropic support with the injection of a neutralizing antibody in vivo during early antral development led to increased granulosa cell Fas/FasL expression and apoptotic cell death, and eventual follicular demise . In the present studies, we have demonstrated that while IFN-g effectively up-regulated Fas expression in granulosa cells from preantral and early antral follicles and sensitized them to the pro-apoptotic action of agonistic Fas antibody, cells isolated from large antral follicles pre-viously exposed to the gonadotropin in vivo were more differentiated but less responsive to IFN-g. These findings suggest that the anti-apoptotic role of FSH in the granulosa cells may in part involve its modulatory influence on IFNg action, and are consistent with the concept that ovarian follicles beyond the "penultimate" stage of development are protected physiologically from pro-apoptotic insult and destined to ovulate (Chun et al., 1996; Boone et al., 1997) .
The mechanism(s) by which the gonadotropin modulates IFN-g-induced Fas expression granulosa cells is unclear. It has been demonstrated that Fas expression is regulated by the newly identified Fas-regulatory gene TDAG51, the expression of which is PKC-dependent (Wang et al., 1998) .
Since IFN-g, like TNFa (Sancho-Tello and Terranova, 1991) and IL-3 (Farrar et al., 1985) , appears capable of activating PKC (Ostrowski et al., 1988) , it is possible that the reduced responsiveness of differentiated granulosa cells to IFN-g might be due to PKA activation by FSH. In addition, activation of PKA pathway is known to inhibit PKC-dependent mechanism(s) in a variety of biological systems including the granulosa cell (Shinohara et al., 1985) . In this context, differential responsiveness of gra- (Chinnaiyan et al., 1995) .
FADD then activates procaspase-8 (Muzio et al., 1996) , which appears to be the first step of a proteolytic cascade that activates other caspases such as caspases-3, -6, and -7 (Hirata et al., 1998) . In the present studies, IFN-g signi- .
Moreover, recent studies have indicated that Fas is also localized in the peri-nuclear region of the cytoplasm and that Fas-trafficking from Golgi apparatus to membrane is P53-dependent and required for Fas-mediated apoptosis (Bennett et al., 1998) . In light of our recent demonstration of the role of p53 in the regulation of Fas expression in rat granulosa cells (Kim et al., 1999) 
